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Abstract
New Zealand forest soils contain a rich diversity of native earthworm species, while 
our pasture soils are dominated by exotic earthworms which were unintentionally 
introduced in the 19th century.  In North America, the invasion of exotic earthworms 
into what was previously earthworm free forest is causing considerable ecosystem 
changes.  The aims of this study were to determine whether exotic earthworms 
were present in native forest remnants adjacent to pasture soils and determine the 
implications of this on the native earthworm populations.  Four forest remnants 
and a reserve adjacent to agricultural pastures were sampled in the Waikato, New 
Zealand. Forest-pasture transects were sampled and analysed for earthworms.  There 
existed a clear distinction in the species composition of the earthworm communities 
at our sites, with exotic earthworms almost exclusively in pasture soils and native 
earthworms in forest soils. The presence of exotic earthworms in the forest was rare, 
with no earthworms detected 3 m into the forest, and only a few being detected 9 m 
downslope into the forest. Our results suggest exotic earthworms found in the forest 
represent only sporadic migration of earthworms.
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Introduction
There have been a large number of exotic 
plant and animal species introduced 
into New Zealand that have had a 
large impact on our native ecosystems 
(Allen & Lee, 2006). The invasion of 
exotic invertebrates appear to have less 
of an impact (Brockerhoff et al., 2010). 
However, there have been few studies 
which have explored the potential of 
exotic earthworms to invade our forest 
soils (Lee, 1961, Springett et al., 1998). 
Exotic earthworms arrived in New 
Zealand accidentally with the European 
settlers in the 19th century (Stockdill, 
1982). These exotic earthworms are 
beneficial to agriculture, playing a critical 
role in organic matter decomposition, 
nutrient cycling and maintenance of soil 
structure (Edwards & Bohlen, 1996). 
Native forests bound our pasture systems, 
with numerous small native forest 
remnants embedded in New Zealand 
pastoral landscapes (Didham et al., 
2009). There is increasing recognition of 
the conservation value of forest remnants 
and growing interest in their protection 
(Melo et al., 2013).
Evidence from North America suggests 
that exotic earthworms can have large ef-
fects on the forest soil ecosystem (Bohlen 
et al., 2004, Eisenhauer et al., 2007). The 
invasion of exotic earthworms into North 
American forests has caused the rapid 
incorporation of the forest litter layer, 
lowering soil carbon (Bohlen et al., 2004, 
Eisenhauer et al., 2007) and increasing 
the soils bulk density, and ultimately al-
tering the forest understory (Eisenhauer 
et al., 2007, Hale et al., 2005).  Exotic 
earthworms in New Zealand have a 
patchy distribution (Schon et al., 2011a, 
Springett, 1992). An estimated 6.5 mil-
lion ha of pastures in New Zealand would 
potentially benefit from the introduction 
of anecics (Schon et al., 2011a), an earth-
worm functional group that burrows deep 
into the soil profile (Paoletti et al., 1991). 
We need to ensure that their benefits to 
our pasture systems do not come at the 
cost of our native forest systems. The aim 
of this study was to determine whether 
exotic earthworms were present in native 
forest remnants adjacent to pasture soils 
and determine the implications of this on 
the native earthworm populations.
Materials and methods
Study sites
Four forest remnants adjacent to 
agricultural pastures were sampled near 
Te Miro in the Waikato region, New 
Zealand as part of a larger study (Didham 
et al., 2015). Remnants ranged in size 
from 3 to 16 ha, with a forest reserve of 
409 ha also sampled (Table 1). Pastures 
were grazed by either sheep and cattle 
or dairy cattle. Livestock were excluded 
from the majority of the remnants via 
fencing protection for a minimum of 
10 years, but one unfenced remnant 
was also sampled. All forest remnants 
were situated downslope of the pasture. 
The tawa-dominated (Beilschmiedia 
tawa) remnants (Didham et al., 2009) 
had been regenerating for less than 25 
years and were previously assessed for 
soil properties, soil, litter and above-
ground invertebrate communities, litter 
decomposition and herbage composition 
(Deakin, 2013). Earthworms had not 
been previously assessed at these sites, 
however, exotic earthworms in pasture 
were known to be abundant within the 
region (Schon et al., 2011b, Schon et 
al., 2008). 
Soil samples (20 cm width x 20 cm 
length x 30 cm depth) were collected 
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sieve and air dried before analysis. Litter, 
loose organic matter, grass, and grass 
roots were removed from the top of the 
cores, making their effective depth range 
approximately 10-100 mm. 
Statistical analysis was conducted us-
ing a generalised linear modelling (GLM) 
approach assuming group-specific nega-
tive binomial distributions through a log 
link function. The GLM analysis was 
applied to total abundances of exotic 
and native earthworms (i.e. two inde-
pendent GLM analyses - one to exotic 
earthworm abundance, and the other 
for native earthworm abundance). Each 
of the exotic earthworm species was also 
analysed separately. Each GLM analysis 
initially considered three factors: (1) loca-
tion (pasture, edge, forest), (2) distance 
and (3) site. However, the latter two fac-
tors were not statistically significant, and 
were therefore removed from the final 
analysis. This paper presents results for 
an initial analysis with the three factors 
and a subsequent analysis with only the 
location factor.  All of the above analyses 
were carried out using statistical software 
SAS version 9.3. 
Results
Soil bulk density, total N and total P 
were higher in grazed pasture soils than 
in the forest soils (Table 2). There was no 
significant influence of pasture or forest 
using a spade along a log-scale transect 
at 3, 9 and 27 m downslope into the 
native forest fragment and 9 and 46 
m upslope into the pasture. We also 
collected samples at the forest-pasture 
edge (designated 0 m). At each distance 
three monoliths were sampled. The soil 
was hand-sorted for earthworms, which 
were identified to species where possible 
(Schon et al., 2014). Due to the size of the 
monoliths and nature of extraction many 
of the larger native earthworms were not 
identified as whole specimens were not 
collected (e.g. Spenceriella gigantea can 
reach 1.4 m in length). 
Soil chemical and physical properties 
were collected at the pasture (3 and 46.5 
m), edge (0 m) and forest (3, 9 and 27 
m).  Three replicate samples, a composite 
of 6 cores (20 mm in diameter, 100 mm 
depth), were collected for pH (1:2.5 soil 
to water ratio), Olsen phosphorus (P) 
(Olsen et al., 1954), and total C and N 
(LECO, TruSpec, St Joseph, MI, USA). 
Total P was analysed by inductively cou-
pled plasma—mass spectrometry (ICP-
MS) (Martin et al., 1994). Values were 
corrected for soil moisture factor and bulk 
density.  Three replicate intact samples 
were taken for bulk density, using 98 
mm diameter, 75 mm depth steel rings, 
which were weighed moist, oven-dried at 
105°C and re-weighed to three decimal 
places. Bulk density was not assessed at 
site 3. Soil was passed through a 6 mm 
Table 1. Size of forest remnants and their soil types.
Site Size
(ha)
Fenced Lattitutude
Longitude
Soil series Soil order
1 3 Fenced 37.8709
175.6360
Pukerata silt loam 
hill
Brown
2 4 Unfenced 37.7942
175.5181
Tauwhare sandy 
loam hill
Recent
3 4 Fenced 37.8327
175.5783
Otorohanga silt loam Allophanic
4 16 Fenced 37.8342
175.5575
Pukerata silt loam 
hill
Brown
Reserve 409 Fenced 37.7945
175.5265
Pukerata silt loam 
hill
Brown
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on soil pH, total C and C:N ratio. 
A total of 874 exotic and 14 native 
earthworms were identified in this study. 
Native earthworm abundance was much 
lower than the exotic earthworms (Table 
3). Although native earthworm species 
were more abundant in forest compared 
to pasture soils (P=0.006), this was only 
significant at site 4 (P=0.04). Despite 
this, native earthworms were detected 
in at least one of the sampling points in 
the forest remnants at each site. A total 
of seven native species were observed, 
the most abundant was Megascolecidae 
sp.3 found at 33 m-2, and the most com-
mon was Megascolecidae sp. 2 found at 
three sites. No native earthworms were 
detected in the pasture soil, but one na-
tive earthworm was detected on the forest 
edge at site 1. 
The exotic earthworm species 
Aporrectodea caliginosa, Lumbricus rubel-
lus and Octolasion cyaneum were detected 
in the pasture at all sites (Table 3, Appen-
dix 1). Two other exotic species, Aporrec-
todea longa and Lumbricus terrestris were 
only detected at two separate sites. Exotic 
earthworm abundance was higher in the 
pasture than at the forest edge (P<0.0001) 
and within the forest (P<0.0001). 
At all sites, pasture areas had a signifi-
cantly higher abundance of A. caliginosa 
(P<0.0001) and L. rubellus (P<0.0001) 
than forest remnants, with their abun-
dance higher at the forest edge than in 
the forest remnants (P<0.0001 for both). 
Pastures had a higher abundance of O. 
cyaneum than the adjacent forest areas 
(P=0.003), particularly in the reserve and 
sites 2 and 4. In two fenced sites (sites 1 
and 3), two individuals of O. cyaneum 
and one individual of A. caliginosa were 
Location Bulk density 
(g/cm3 )
pH Total C 
(mg/cm3)
Total N 
(mg/cm3)
C:N ratio Olsen P
(ug/cm3)
Total P
(ug/cm3)
Pasture 0.66b 5.39 57.65 5.97b 9.7 7.3 742.3b
Edge 0.55ab 5.37 46.54 4.51a 10.5 5.3 484.1a
Forest 0.55a 5.36 48.34 4.54a 10.7 4.8 429.3a
Table 2. Soil properties of the sampled transects (0-10 cm) as an average across all sites. Pasture 
average of 3 and 46 m, forest average of 3, 9 and 27 m. * Soil analysis at Site 3 measured for 
0-7.5cm depth, with a total soil C of 14.9% and a total soil N of 1.1%.
Location Exotic earthworm species Total
exotics
Total
Natives
cali rub cyan long terr
Pasture 305a 96a 24a 14a 2 441a 0a
Edge 25b 13b 7ab 0b 0 45b 2ab
Forest 1c 0c 1b 0b 0 2c 7b
Table 3. Average earthworm species abundance (ind./m2) across all sites at each location (pasture, 
edge and forest, n=30, 15 and 45, respectively). 
a, b, c indicate significant difference at α=0.05 in a given column.
Exotic earthworm species: cali - Aporrectodea caliginosa (Savigny, 1826), rub - Lumbricus rubellus 
(Hoffmeister, 1843), cyan - Octolasion cyaneum (Savigny, 1826), long - Aporrectodea longa (Ude, 
1885), terr - Lumbricus terrestris (Linnaeus, 1758). 
Native earthworm species include: Oligochaeta sp. 1, Megascolecidae sp. 1, Megascolecidae 
sp.2, Megascolides raglani (Lee, 1952), Megascolecidae sp.3, Maoridrilus plumbeus (Beddard, 
1895), Megascolecidae sp. 4.
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detected at a distance of 9 m into the 
forest. Aporrectodea longa was more abun-
dant in the pasture than in the forest soil 
(P=0.002), at site 3 where it was detected. 
A low abundance of L. terrestris was also 
detected under pasture at a single site (site 
4), but was not different from 0. There 
was no significant difference in total 
abundance of exotic earthworms at 9 m 
in comparison to 46.5 m into the pasture.
Discussion
There existed a clear distinction in the 
species composition of the earthworm 
communities at our sites, with exotic 
earthworms almost exclusively in pasture 
soils and native earthworms only in 
forest soils. The abundance of native 
earthworms was lower than the exotic 
earthworms, but typical of New Zealand 
conditions (Springett, 1992, Bartlam, 
pers. comm.). This preference of exotic 
earthworms for pasture soils, and natives 
for forest soils has also been observed by 
Dalby et al., (1998) in Australia.
Three individual exotic earthworms 
(one A. caliginosa and two O. cyaneum) 
were detected 9 m inside the forest at 
two sites. There were, however, no exotic 
earthworms detected 3 m into the forest, 
indicating that there was no invasion 
front moving into the forest. Because 
these remnants were situated downslope 
of the pasture it is possible that the 
earthworms were washed into the forest 
during a heavy rainfall event.  Sporadic 
movement into the forest does not neces-
sarily result in the establishment of exotic 
earthworms in the forest.  Lee (1961) and 
S. Bartlam (pers. comm.) also found little 
evidence of exotic earthworms in New 
Zealand forest soils.
It is expected that this distinction in 
earthworms between the forest and pas-
ture soils reflects differences in the soil 
physical and chemical properties (Hen-
drix et al., 2006, Lee, 1961, Marichal et 
al., 2012). At our study sites, the forest 
soils were less compacted and had a lower 
fertility (total N and total P). The lower 
quality litter and distinct microbial com-
munities present in forest soils (Dickin-
son et al., 1981) are likely to favour the 
feeding preferences of New Zealand’s 
native earthworms. Native earthworm 
species are highly specialised and adapted 
to specific forest conditions, giving rise 
to the high species diversity (Lee, 1961). 
However, Kim et al., (2015) observed 
both native and exotic earthworms to 
prefer agricultural soil in choice cham-
ber experiments. This may explain that 
although native earthworms are typi-
cally absent from pasture soils, in some 
low fertility pastures (where the physi-
cal disturbances are minimised) native 
earthworms, such as  the subsoil dwelling 
Octochaetus multiporous has higher abun-
dances (200 ind. m2) compared to both 
high fertility pastures and native forests 
(20 ind. m2) (Springett et al., 1998).
The invasion of exotic earthworms, 
such as L. terrestris, into North American 
forests show, that despite a preference for 
pasture soils there is potential for exotic 
earthworms to migrate into forests. This 
migration may also occur in New Zealand 
given more time as earthworm dispersal is 
slow (Hendrix et al., 2006), and the abun-
dance of L. terrestris, for example, is still 
low and their distribution localised (de-
tected at one site in this study). In North 
America, where earthworms arrived a 
hundred years earlier than in New Zea-
land, forests remained free of earthworms 
until 1985 (Eisenhauer et al., 2007). In 
Europe, earthworms are also migrating, 
with the migrating earthworms feeding 
on different sources of organic matter, 
potentially altering carbon and nitrogen 
dynamics (Melody & Schmidt, 2012). 
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Although there was no evidence of exotic 
earthworms migrating into forest frag-
ments, there is still potential for this to 
occur in New Zealand.
The impact of a potential invasion of 
exotic earthworms into New Zealand 
forests may be minimised because of the 
differing dynamics between New Zealand 
evergreen forests and North American de-
ciduous forests. One of the most impor-
tant contributing factors may be that New 
Zealand has existing populations of native 
earthworms, while North America does 
not (Eisenhauer et al., 2007). The pres-
ence of native earthworm species appears 
to limit the impact of exotic earthworms 
(Hendrix et al., 2006). New Zealand 
has a rich diversity of native earthworm 
species, with 177 native species already 
described (Buckley, 2015), this includes 
both topsoil and subsoil dwelling species 
(Lee, 1961). These species occupy the 
same functional groups as seen in our 
exotic earthworms.  While little is known 
about their feeding preferences, the rela-
tively high number of species occupying 
a range of habitats may limit the ability 
for exotic earthworms to migrate into 
forests, while also limiting the potential 
impact of exotic earthworms on the for-
est ecosystem. Lee (1961) observed no 
competition between exotic and native 
earthworms in New Zealand pastures that 
had been converted from native forests, 
and noted that in undisturbed, temperate, 
evergreen forests exotic earthworms were 
usually absent.
In summary, the presence of exotic 
earthworms in forest remnants in the 
Waikato region, New Zealand remains 
rare. The introduction of exotic earth-
worms to pasture soils to benefit pasture 
production may be possible without 
the detriment to our native remnants. 
However, the potential exists for them to 
migrate into forests, despite appearing to 
have a strong preference for agricultural 
soils. Since earthworm migration into for-
ests may occur over longer time periods 
and the current study was limited to one 
region in New Zealand, further investiga-
tion to confirm that exotic earthworms 
prefer agricultural soils in other regions 
is warranted. Investigation should be 
extended to include other natural ecosys-
tems and potential for human dispersal 
into these systems.
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Appendix
a, b, c indicate significant difference at α=0.05 in a given column.
Exotic earthworm species: cali - Aporrectodea caliginosa (Savigny, 1826), rub - Lumbricus rubellus (Hoffmeister, 
1843), cyan - Octolasion cyaneum (Savigny, 1826), long - Aporrectodea longa (Ude, 1885), terr - Lumbricus 
terrestris (Linnaeus, 1758). 
Native earthworm species: (#) Oligochaeta sp. 1, (*) Megascolecidae sp. 1, (†) Megascolecidae sp.2, (‡) 
Megascolides raglani (Lee 1952), (##) Megascolecidae sp.3, (**) Maoridrilus plumbeus (Beddard 1895), (††) 
Megascolecidae sp. 4.
Site Distance 
(m)
Location Exotic earthworm species Total 
exotics
Total 
natives
cali rub cyan long terr
Average Pasture 305a 96a 24a 14a 2 441a 0a
Edge 25b 13b 7ab 0b 0 45b 2ab
Forest 1c 0c 1b 0b 0 2c 7b
1 46 Pasture 208a 50a 0a 0 0 258a 0a
9 Pasture 133a 92a 17b 0 0 242a 0a
0 Edge 8b 0b 0a 0 0 8b 8b,#
3 Forest 0c 0b 0a 0 0 0c 0a
9 Forest 8b 0b 8a 0 0 16b 0a
27 Forest 0c 0b 0a 0 0 0b 8b,*
2 46 Pasture 433a 142a 25a 0 0 600a 0a
9 Pasture 50b 92a 58a 0 0 200ab 0a
0 Edge 42b 50a 8ab 0 0 100b 0a
3 Forest 0b 0b 0b 0 0 0c 0a
9 Forest 0c 0b 0b 0 0 0c 8b,†
27 Forest 0c 0b 0b 0 0 0c 0a
3 46 Pasture 375a 50a 0a 67a 0 492a 0a
9 Pasture 150a 25a 17b 75a 0 267a 0a
0 Edge 0b 0b 0a 0b 0 0b 0a
3 Forest 0b 0b 0a 0b 0 0b 0a
9 Forest 0b 0b 8ab 0b 0 8c 17b,†
27 Forest 0b 0b 0a 0b 0 0b 0a
4 46 Pasture 558a 233a 25a 0 17 833a 0a
9 Pasture 233ab 150a 42a 0 0 425a 0a
0 Edge 58b 0b 8ab 0 0 66b 0a
3 Forest 0c 0b 0b 0 0 0c 0a
9 Forest 0c 0b 0b 0 0 0c 8b,‡
27 Forest 0c 0b 0b 0 0 0c 33b,##
 Reserve 46 Pasture 442a 42a 50a 0 0 534a 0a
9 Pasture 467a 83a 8ab 0 0 558a 0a
0 Edge 17b 17a 17a 0 0 51b 0a
3 Forest 0c 0b 0b 0 0 0c 8b,**
9 Forest 0c 0b 0b 0 0 0c 8b,†
27 Forest 0c 0b 0b 0 0 0c 8b,††
Appendix 1. Locations and abundances of earthworm species observed in this study.
